Introduction
The partial oxidation of hydrocarbons into alcohols is of considerable economical interest for the production of transportation fuels and commercial chemicals. [1] [2] [3] [4] The development of catalytic systems that can mediate an overall insertion of an oxygen-atom into a C-H bond without over-oxidation remains a substantial challenge. [4] [5] [6] [7] [8] [9] [10] [11] Among the catalytic systems that mediate hydrocarbon functionalization, 12 Shilov's Pt-based system (Scheme 1) exerts good selectivity against overoxidation but uses costly Pt IV as the oxidant. 13 Substantial advances were made by Periana and coworkers by replacing the Pt IV oxidant with H 2 SO 4 , but a slow turnover frequency (10 −3 s −1 ) and low turnover numbers caused by product inhibition and dilution with water impedes commercial application. 14 Thus, considerable research has been directed at new catalytic systems to functionalize hydrocarbons with improved Scheme 1 The electrophilic catalytic cycle for the partial oxidation/ functionalization of methane using late transition metals.
efficiency. 12 One possible approach to improve Shilov-type chemistry is to use Rh complexes, which in general should be less electrophilic than analogous Pt complexes. The Rh I /Rh III redox couple offers three attractive properties compared to Pt-based systems.
(1) The less electrophilic metal should form weaker coordination bonds to water and functionalized product, potentially delaying the onset of product inhibition. ( 2) The easily accessible Rh I /Rh III redox cycle 15, 16 could allow for milder and possibly air-recyclable oxidants to be used. ( 3) The formation of Rh(s) is less thermodynamically favorable than for Pt(s). 16, 17 However, developing a Rh-based catalyst presents some challenges. 18, 19 A key step in the functionalization of hydrocarbons by Shilov-based Pt catalysts is the reductive elimination (RE) of MeX (X = halide or pseudo-halide: Cl − , CF 3 CO 2 − , HSO 4 − , OH − , etc.) from a X-Pt(IV)-CH 3 intermediate (Scheme 1) . 20, 21 In fact, RE of alkyl, acyl, and aryl halides is a relatively rare transformation compared to the reverse process, oxidative addition. [22] [23] [24] [25] The majority of examples feature high-valent late transition metal complexes: Pt(IV), [26] [27] [28] [29] [30] [31] [32] moiety. For these reactions, the addition of π-acidic ligands (CO, CNR, MeCN) was used to trap the Rh I complex. 57, 58 Steimann and coworkers reported an in situ Rh III -CH 3 complex formed by decarbonylation, which also provides a π-acidic CO ligand to drive RE. 59 In designing a Rh I /Rh III system capable of hydrocarbon functionalization, the question remains whether RE of an alkyl halide or pseudo-halide is thermodynamically feasible without significant steric destabilization. The use of large steric groups may raise the barrier for C-H activation. Hence, the thermodynamic potential for reductive functionalization should ideally be controlled by electronic modifications to the supporting ligand(s).
The terpyridine ligand provides a reasonable ligand platform to investigate the reductive functionalization from a Rh III -CH 3 since the electronic properties of the terpyridine are easily modulated without appreciably impacting steric factors by appending electron-donating and withdrawing groups to the 4, 4′ and 4″ positions. NO 2 . After heating at 90°C, no functionalized product, MeCl or MeTFA, was observed. The lack of reactivity could be attributed to either a large kinetic barrier or unfavorable thermodynamics. An easier and more effective method to determine the thermodynamics of RE is to investigate the microscopic reverse reaction, oxidative addition of functionalized product MeX by 1.
Oxidative addition of chloromethane to 1 was achieved by bubbling MeCl(g) through a THF solution of 1. The solution changed color immediately from blue to a dark yellow. Adding hexanes to the reaction solution results in the precipitation of [ t Bu 3 terpy]RhMe(Cl) 2 (4) as a yellow powder, which was isolated in 77% yield (eqn (2) To test the thermodynamics for reductive functionalization of MeCl and MeTFA from complex 6, the reverse reaction, oxidative addition, was investigated. Heating a CD 3 NO 2 or d 8 -THF solution containing the Rh I complex 2 with excess MeCl or
MeTFA at 120°C for 18 h did not yield the oxidative addition products (eqn (4)), suggesting that reductive functionalization from the Rh III complex 6 might be thermodynamically favorable.
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Heating complex 6 in d 8 -THF yields an orange precipitate that still contained an intact Rh-CH 3 bond. However, changing the solvent to CD 3 NO 2 and heating at 90°C expels chloromethane gas (eqn (5) and Fig. 1 ). The quantity of MeCl(g) produced by the reaction is difficult to determine using 1 H NMR spectroscopy, but repeating the experiment using isotopicallylabelled [(NO 2 ) 3 terpyRh( 13 CH 3 )(Cl) (I) (6*), and injecting one equivalent of MeCl gas as a standard allows a reasonable method to determine percent conversion based on integrated 13 MeCl and MeCl peaks. Overall, 13 MeCl forms in a ∼25%
yield. Methyl iodide is also observed in the reaction solution, which appears at 2.18 ppm, and constitutes a 6% conversion from the Rh-CH 3 prior to heating. Monitoring the conversion periodically by 1 H NMR spectroscopy, the Rh-CH 3 peak appears to slightly broaden upon heating to 90°C. After 15 minutes, the methyl iodide peak grows in and levels off after 2 h. In contrast, the MeCl peak takes about 1 h before being sufficiently recognizable, though the accumulation of MeCl(g) may take considerable time to fill the headspace before being observed by 1 (6)). To confirm the reductive functionalization of the Rh-CH 3 bond and quantification of MeCl, the reaction was re-attempted with 6*, which yielded 13 CH 3 Cl in ∼100% yield (Fig. 2) . Monitoring the formation of the MeCl, the reaction appears to be complete after ∼8 h, which suggests that the additional Cl − does not provide a significant rate enhancement. H NMR spectrum after heating still contains multiple broad aromatic peaks, preventing further identification (see ESI †).
Without additional chloride present, we observe the formation of MeI quite readily. Thus, it was conjectured that I − may be facilitating the RE from complex 6, and afterwards Cl . Monitoring the formation of MeCl, the reaction appears complete at ∼2 h, though difficulty in measuring the formation of MeCl(g) and broadness of the spectrum prevent a definitive conclusion. Next, we considered extending the reductive functionalization from 6 to produce MeTFA, another desirable product from electrophilic hydrocarbon functionalization. Heating a solution of 6 with three equivalents of [Bu 4 N]TFA yields MeTFA along with MeCl (eqn (7)). The reaction takes approximately 9 h to reach completion. (Fig. 3) . Repeating the reaction using 6* and adding a MeCl standard, 13 MeCl produced was quantified to a ∼25%
yield. Again, the Bu 4 N + protons are broad, and the Rh I byproduct yields a reddish-brown solution that is unidentifiable by 1 H NMR spectroscopy.
Since the poor solubility of the trinitropyridine complexes prevents a full kinetic and thermodynamic investigation, DFT calculations were employed to investigate the thermodynamics and mechanism of RE from complex 6. To best model experimental systems, structures were optimized and free energies computed in the appropriate experimental solvent using the CPCM model: THF for thermodynamics (eqn (8)) and nitromethane for mechanistic studies of reductive elimination (vide infra). Fig. 4 with MeI cleanly affords [ t Bu 3 terpy]RhMe(I) 2 (8) (eqn (8) (8)). The agreement between the experimental and theoretical thermochemistry supports the reliability of the employed computational methods. Next, the thermodynamics of oxidative addition of MeX (X = I − , Cl − , TFA − ) to 1′ and 2′ were investigated computationally, and the results are presented in Scheme 2. The formation of 3′, 4′, and 5′ from 1′ was found to be exothermic by −9.4, −8.0, and −4.6 kcal mol −1 , respectively, while oxidative additions of MeCl and MeTFA by 2′ are uphill (1.9 and 4.9 kcal mol −1 ). The calculations agree with the observed reactivity of complexes 1 and 2. Perhaps more importantly, DFT calculations show a consistent ∼10 kcal mol −1 difference for the oxidative addition reactions between complexes 1′ and 2′, illustrating the substantial influence of the NO 2 groups on the free energy potentials. A surprising result is that the calculated free energy for the oxidative addition of MeI by 2′ to give 6′ is 0.8 kcal mol −1 uphill.
Taking into account that our computational model underestimates the ΔH rxn by about 2 kcal mol −1 , the mild free energy difference corresponding to a K eq = 0.16
} suggests a near thermoneutral reaction. Experimental evidence seems to support this assertion, though the reaction conditions are complicated due to solubility, side-reactions, and temperature. Nevertheless, the 10-fold excess of MeI in THF at 70°C may drive the reaction towards the formation of 6 (isolated yield = 44%), while in the absence of MeI, complex 6 was shown to reductively eliminate a small percentage of MeI along with MeCl in CD 3 NO 2 at 90°C. The mechanism of RE, the microscopic reverse of oxidative addition, has been proposed to occur by either concerted RE, S N 2, or radical pathways. 51 Often more than one mechanism may be operable depending on the nature of X − . 20, 21, 27, 28, 57, 58, 66 The initial loss of chloride ion from 9′ yielding 11′ is mildly endergonic (7.8 kcal mol −1 ), but lowers which is also present in solution. Iodide serves an intermediary role by forming MeI, which would then react with free Cl − to generate MeCl. The calculated transition state barrier for iodide attack on complexes 9′ and 11′ yielded slightly higher free energies, 33.4 and 27.9 kcal mol −1 , respectively, than for Pathway B (Fig. 5) . The DFT calculations provide three insights into the mechanism of reductive functionalization from 9′ (Fig. 6) 
Conclusions
Reported herein is the synthesis of Rh(I) complexes 1 and 2 featuring two different electronic environments. For complex 1, the Rh(I) metal center is situated within the strongly Net reductive elimination of RX is a key step in overall catalytic cycles for hydrocarbon functionalization. Thus, a primary limitation to use of Rh complexes as catalysts for hydrocarbon functionalization through the "Shilov" route (Scheme 1) is the energetic inhibition (both kinetic and thermodynamic) of RX elimination. For the first time, we are able to establish that the RE of an alkyl halide (MeCl) and pseudo-halide (MeTFA) from a Rh III complex can be achieved without using sterically bulky ligands or a trapping agent to stabilize the Rh(I) product. These results are promising for Rh-based electrophilic catalysts for hydrocarbon functionalization. Ongoing work focuses on developing new systems capable of both RE and C-H bond activation, and progressing towards the conditions needed for catalytic hydrocarbon functionalization.
